Objective: The aim was to identify the major ATP source controlling the activity of sarcolemmal K channels in ventricular 
Introduction
of several tens to hundreds of micromolar [1, 2] . In whole distance between mitochondria and sarcolemmal K ATP myocytes, opening of K channels occurs during uncouchannels.
ATP pling of oxidative phosphorylation [3, 4] , inhibition of the In contrast, a preferential control of the K channels ATP cytochrome oxidase or removal of oxygen [5, 6] , even in by glycolytic ATP has been reported in cardiomyocytes the presence of glucose [7] . These findings strongly argue that were permeabilized with saponin and whose cytosolic for an essential contribution of oxidative phosphorylation ATP consumption was artificially enhanced [9, 10] . These to the synthesis of ATP controlling the K channels. We results support the hypothesis of a functional compart-ATP showed recently that K channels in cell-attached patmentation of ATP [11] .
ATP ches of quiescent myocytes may be effectively controlled Herein, we describe patch-clamp experiments in cardiac myocytes show that sarcolemmal K channels are conwas set to 280 mV. The current amplitude was measured at ATP trolled by ATP of a common cytosolic pool to which the end of 40 ms pulses to 140 mV. The pulsing frequency oxidative phosphorylation provides the main ATP portion was either 0.5 or 1 Hz. Currents were filtered at a cut-off whereas glycolysis provides only a subsidiary ATP porfrequency of 20 kHz (4-pole Bessel). In cell-attached tion.
measurements, both bath and pipettes contained extracellular solution. The holding potential was set to 0 mV, i.e. the true holding potential of the membrane patch was the 2. Methods resting potential V of the cell. Voltage ramps from 220 mV r to 1160 mV (duration 1 s) were applied at a frequency of 2.1. Isolation of single mouse myocytes 0.2 Hz. Hence, during the ramp the trans-patch potential was changed from V 220 mV to V 1160 mV. Inside-out r r
Mouse ventricular myocytes were prepared at 378C as patch experiments were conducted at 228C. Bath and described previously [5] . In brief: On a Langendorff pipettes contained intracellular solution (mmol / l): KCl apparatus, the heart was perfused for 5 min with a solution 140, EGTA 2 and HEPES 5, pH 7.2 (KOH). I was KATP that was not especially oxygenized and that contained evaluated at 280 mV (pulse duration 700 ms, holding (mmol / l): 140.0 NaCl, 5.8 KCl, 0.5 KH PO , 0.4 potential 0 mV, pulsing frequency 1 Hz). The cells were stored in KB solution. ments, Foster City, USA). The series resistance was compensated for by about 80%. The amplitude of the 2.2. Electrophysiology measured currents was independent of the used amplifier. Cell-attached and excised-patch experiments were carried Pipettes of 0.7-3 MV were pulled from borosilicate out with an Axopatch 200A amplifier at 5 kHz band width. glass tubing. Whole-cell and cell-attached patch-clamp
Recording and analysis of the data were performed with experiments were performed at 378C in an experimental the ISO2 software (MFK, Niedernhausen, Germany). All chamber that has been designed for insulation against traces were recorded with a sampling rate of 10 kHz atmospheric oxygen [5] .
(12-bit resolution). In whole-cell measurements, the bath contained extracellular solution consisting of (mmol / l): NaCl 150.0, 2.3. Oxygen measurement KCl 5.4, CaCl 2.5 or 3.6, MgCl 0.5 and HEPES 10.0, 2 2 pH 7.4 (NaOH). I was induced by either anoxia or In part of the whole-cell recordings, the oxygen tension KATP addition of the uncoupler carbonylcyanide(4-trifluoro-( pO ) near the cell was continuously measured as de-2 methoxy) phenyl hydrazone (FCCP, 1 mmol / l). scribed previously [5] . In brief: We added to the bath Oligomycin (2.5 mg / ml) or iodoacetic acid (IAA, 1 mmol / solution 0.4 g / l of the phosphorescence dye Pd-meso-tetra l) were added to block the mitochondrial ATPase and (4-carboxyphenyl) porphin (PTP The concentrations of D-fructose 1,6-bisphosphate and phosphoenolpyruvate were 2.5-fold and 8.5-fold as high as Collagenase was obtained from Sigma (type I), Worthin rat cardiomyocytes, respectively [12, 13] . The concenington Biochemical Corporation, or Biochrom. PTP was tration of NAD was three-fold as in lymphocytes [14] . The purchased from Medical Systems Corp. (Greenvale, NY). ADP concentration corresponds to values of 50-100
Ascorbate oxidase, phosphoenol pyruvate, oligomycin, mmol / l reached within the first 10 min of ischemia or iodoacetic acid (IAA), and FCCP were obtained from hypoxia [15] .
Sigma. D-fructose 1,6-bisphosphate was purchased from In the whole-cell measurements the holding potential Fluka. All other chemicals were standard.
Statement
The investigation conforms with the Guide for the Care and Use of Laboratory animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Statistics
Statistical data are given as mean6SEM. Statistical significance was tested with the Student's t-test (P,0.05).
Results
A myocardial cell produces ATP along three series of reactions (Fig. 1) . We utilized various experimental interventions to determine which source of ATP predominantly regulates the K channels in the presence of external ATP glucose. Effects on amplitude and time course of I KATP were evaluated. In whole-cell experiments, glycogenolysis was supposed to be inhibited by 10 mmol / l EGTA in the pipette (see textbooks of biochemistry). The efficacy of the dialysis with EGTA could be inferred from the rapid cessation of contraction after gaining access to the cell interior. (1) uncoupling and to block cytochrome oxidase and F F -ATPase, respec-
are dominated by the voltage-dependent K current [18] .
tively. IAA was used to block glycolysis. Pyruvate, acetate, and lactate After a latency I appeared (2). Glucose did not affect were used as mitochondrial and glucose as glycolytic substrate. (n54), and at long recording interval. Hence, the prolongation of the blocked glycolysis without glucose (n56). However, after latency by bath glucose may have been the result of rigor contracture had once started, pyruvate had no effect stimulated ATP production before glycolysis was blocked.
( Fig. 2C ). Pyruvate did not stop the cell shortening, When glycolysis was blocked by adding IAA to the indicating that it cannot overcome the ATP consumption substrate-free bath solution, the latency of I was caused by rigor contracture itself [19] . In the absence of KATP similar to that in the absence of IAA. This result shows glucose, pyruvate exerted the same effect at concentrations that under our experimental conditions (dialysis of the cell between 0.1 and 10 mmol / l (n514). Similar effects were with high EGTA) glycogenolysis did not provide substrate also observed with 10 mmol / l acetate (n54) and 5 mmol / l for the ATP synthesis.
lactate (n55). In the continuous presence of pyruvate and Next the influence of the mitochondrial substrates IAA, I did not appear (600-1100 s; n57). confirming intact mitochondrial function (Fig. 3A) . We glycolytic ATP should be clearly revealed because both also excluded that pyruvate has any direct or indirect interventions activate glycolysis [13, 20] . We started anoxia effects on K channels in inside-out patches. These or FCCP application within 30 s after whole-cell access in ATP experiments were performed in patches containing 10-15 order to minimize the wash-out of cytoplasmic substrates.
In anoxia experiments, the latency was defined as the time interval between the drop of pO below 0.2 mmHg, (Table 1 ). This effect of glucose was independent of the glucose concentration (5.5, 10, or 20 mmol / l). When glycolysis was blocked by 1 mmol / l IAA, anoxia produced I and reoxygenation removed the current as KATP rapid as in the absence of IAA (Fig. 4B) . The effective removal of I by reoxygenation implies that it is the KATP ATP produced by the reactivated mitochondria that has blocked the K channels.
ATP 2-deoxyglucose (DG) is phosphorylated by the cytosolic hexokinase to 2-deoxyglucose 6-phosphate, which is nonmetabolizable, utilizing ATP. When 10 mmol / l DG was added 3 min before starting substrate-free anoxia, the latency until the appearance of I was extremely KATP shortened (Table 1 ). This dramatic effect of DG shows that the glucose uptake and hexokinase activity in our cells was intact. Table 2 summarizes all results obtained with FCCP and various supplements in the bath and the pipette solution. With standard pipette solution, 1 mmol / l FCCP generated large I in the absence (condition A) and presence of KATP glucose (condition B; cf. Fig. 5A ). In analogy to anoxia, the mean maximum amplitude was unchanged whereas the anoxia or FCCP. of ATP [22] . In order to test for an influence of the Under both anoxia or uncoupling, the mitochondrial F F -ATPase on the development of I , this enzyme was blocked by oligomycin that was applied 5-10 min was that the dialysis of our myocytes with glycolytic before gaining whole-cell access. In the presence of 10 substrates ultimately did not enable glycolytic ATP to keep mmol / l glucose, FCCP induced a large and transient I the K channels closed and that also the dialysis of ATP KATP ATP after a much longer latency (Fig. 5B ) than in the absence itself did not suffice to close the channels. These results of oligomycin whereas the amplitude was not affected (cf. strongly suggest that in the experiments with anoxia and Table 2 , condition B versus D). The same result was FCCP and with control pipette solution, cell dialysis was obtained in the absence of glucose (condition A versus C).
not relevant for generating I .
KATP
In the presence of oligomycin glucose had no effect on the mean maximum amplitude and the mean latency of FCCP- after FCCP application [22] . On the other hand, the glycolysis due to dialysis via the pipette, we performed presence of oligomycin did not reveal a glucose-induced cell-attached experiments. We expected I to appear latencies were generally longer than measured under from the bath glucose before metabolic inhibition. In the respective whole-cell conditions. The main result of the case of anoxia and FCCP another reason may be a cell-attached experiments, however, is that I could be decelerated drop of cellular [ATP] caused by an increased KATP induced under all tested conditions. This result is in line glycolytic flux during metabolic inhibition [13, 20] . At with those of the whole-cell measurements. Hence, glyprolonged mitochondrial inhibition however, glycolysis did colytic ATP production by utilization of external glucose not provide enough ATP to keep the K channels closed, ATP does not suffice to keep K channels closed, not even even when external glucose was added as glycolytic ATP when the massive ATP consumption by the F F -ATPase substrate.
1 0 is blocked. Uncoupling stimulates mitochondrial respiration [20] . Hence, during uncoupling the [NADH] cannot increase and thus reduce the activity of glyceraldehyde-3-phosphate 4. Discussion dehydrogenase as it is the case during anoxia. Therefore, FCCP presumably activates glycolysis even more than We identified the source of the ATP controlling the does anoxia. Nevertheless, FCCP generated I after a KATP sarcolemmal K channels in mouse cardiomyocytes by shorter latency than anoxia in both the absence and ATP measuring amplitude and latency of I under various presence of glucose. FCCP most likely causes a more rapid KATP conditions. These conditions included the block of metadecline of the mitochondrial proton gradient, causing the bolic reactions and the application of substrates specific for F F -ATPase to consume ATP by running in the reverse 1 0 the type of ATP production. direction [22] . [ATP] to below several hundred mmol / l is always required the absence of glucose and when glycolysis was blocked for a relevant channel opening [3] . Based on these data, we by IAA (Fig. 4B) (Fig. 2) . In guinea-pig myocytes, extracellular KATP a higher level of creatine phosphate and ATP generated pyruvate (0.1-10 mmol / l) was reported to close K ATP channels via coupling with the sarcolemmal mono-carduction may have been caused by relatively high conboxylate transporter when I was induced by either centrations of glycolytic substrates (concentrations of D-KATP cyanide or 2,4-dinitrophenol [29] . In contrast, we found no fructose 1,6-bisphosphate and phosphoenolpyruvate were effect of pyruvate when mitochondria were blocked by about 10 fold higher as in our experiments and 200-1000 FCCP or anoxia (Fig. 3A) . Moreover, we showed in inside fold higher than under physiological conditions). out patches that 10 mmol / l pyruvate at the extracellular In a beating heart the rate of ATP production and side, with or without transmembrane gradient, did not utilization is supposed to be in an oscillating steady state at reduce I (Fig. 3B) reported to be similarly effective. for preferential regulation by glycolysis. J Gen Physiol
